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MOL #64014
Introduction MOL #64014 2005) . Each subunit has six transmembrane helices S1-S6, and a membrane reentering extracellular P-loop. Four voltage-sensing domains, each formed of S1-S4, are connected via the linking helices L45 to the pore domain formed of S5s, S6s, and the P-loops. The inner pore of K + channels is a major target for small-molecule blockers (Wulff and Zhorov, 2008) and the mechanism of block by internally applied quaternary ammonium ions is well understood (Armstrong, 1971; del Camino et al., 2000) . Crystallographic studies have provided several structures of the bacterial KcsA channel blocked by tetraalkylammonium compounds (Zhou et al., 2001a; Lenaeus et al., 2005; Faraldo-Gomez et al., 2007) in which the ammonium group occurs at the pore axis close to the focus of the P-loop helices. In the ligand-free channel this position is occupied by a K + ion (Zhou et al., 2001a) . Tetraalkylammonium compounds and other hydrophobic cations like the L-type Ca 2+ channel blocker verapamil also block the inner pore of Kv1.3 (Rauer and Grissmer, 1996; Dreker and Grissmer, 2005) , but lack Kv1.3-specificity and therefore are not useful as immunosuppressants. Another class of Kv1.3 blockers are psoralens, which were initially extracted from the rue plant Ruta graveolens (Vennekamp et al., 2004) . The most potent psoralen, PAP-1, blocks Kv1.3 at low nanomolar concentrations and according to electrophysiological experiments preferentially inhibits the C-type inactivated state MOL #64014 6 of two (Schmitz et al., 2005) suggesting that two or more ligands bind simultaneously.
Uncharged compounds that block cation channels with Hill coefficients of more than one are not uncommon. Other examples are S-nitrosodithiothreitol as a general Kv1-family channel blocker (Brock et al., 2001) , disubstituted cyclohexyl analogues as Kv1.3 blockers (Schmalhofer et al., 2002) , and benzocaine as a Na + channel blocker (Meeder and Ulbricht, 1987) . All these compounds have electron-rich groups, and few (if any) H-bond donors. Given their overall electroneutrality, these molecules could interact favorably with organic or inorganic cations.
Earlier we hypothesized that such cationophilic molecules chelate a metal ion at the focus of the P-loop helices with a 2:1 stoichiometry and thus potentially occupy the same region in the inner pore as hydrophobic cations (Tikhonov et al., 2006) . Below we describe experiments that support the hypothesis that a K + ion also forms an important part of the PAP-1 binding site and demonstrate that this high-affinity Kv1.3 blocker binds to the inner pore and extends its flexible side-chain into the intrasubunit interfaces between helices S5 and S6. and orientations of the channel subunits. At stages (iii) and (iv) pin constraints were used to prevent any significant deviations of the protein backbones from the X-ray template. At the refinements stage, the energy was MC-minimized without any constraints. All calculations were performed using the ZMM program (http://www.zmmsoft.com).
streptomycin. Cells were transfected with FuGENE6 Transfection Reagent in Opti-MEM medium according to the manufacturer's protocol and analyzed typically within 12-48 hrs after transfection. Kv1 .3 DNA was co-transfected with eGVP-C1 to enable the visualization of transfected cells.
Patch-clamp experiments. Patch-clamp experiments were carried out at room temperature in the whole-cell configuration using an EPC-10 amplifier (HEKA, Bellmore NY).
The external solution contained in mM: 160 NaCl, 4.5 KCl, 2 CaCl 2 , 1 MgCl 2 and 10 HEPES, pH 7.4, osmolality 300 mmol/kg. The internal pipette solution contained in mM: 160 KF, 2
MgCl 2 , 10 HEPES, and 10 EGTA, pH 7.2, osmolality 300 mmol/kg. Pipette resistance was between 1.5-3 MΩ. The holding potential was -80 mV or -100 mV in most cases, but lowered (between -110 mV and -170 mV) for mutants that showed incomplete fractional recovery. These changes in recovery might of course suggest that the mutations somewhat affected inactivation.
However, since the mutations did not significantly change inactivation time-constants and usedependence (both crucial parameters influencing PAP-1 activity) we decided to include these mutants in our study and adjusted the holding potential until no steady state inactivation was observed. Series resistance compensation (80%) was used for currents larger than 2 nA. All curve fittings were performed using Origin 7 software.
The conductance-voltage relationship was determined by stepping from the holding potential to different depolarizing levels up to +80 mV in 10 mV increments. In cases where conductance did not saturate, tail currents were used to measure half-voltage activation. Cells were depolarized for 40 ms to voltages ranging from -80 mV to +60 mV in 10 mV increments followed by the tail current measurement at -40 mV. Peak currents were fitted with the Boltzmann function to calculate the half-activation voltage (V 1/2 ). Activation and inactivation This article has not been copyedited and formatted. The final version may differ from this version. can be identified by its characteristic C-type inactivation and its pronounced cumulative inactivation following repeated depolarizing pulses (Cahalan et al., 1985; Panyi et al., 1995) . We previously reported that PAP-1 shows preference for the C-type inactivated state of Kv1.3 based on experiments varying the pulse lengths, the extracellular K + concentration and the activation state of the channel through repetitive pulsing (Schmitz et al., 2005) . State-dependent channel inhibition like this can theoretically be achieved by ligands binding to various channel domains including the pore, the voltage-sensor domains, and the N-or C-termini. In order to determine whether PAP-1 blocks the inner pore we performed competition experiments with the known Kv1.3 inner pore blockers TEA i and verapamil (Rauer and Grissmer, 1996; Dreker and Grissmer, 2005) . If two compounds act at independent sites, their effects are additive and a fixed concentration of PAP-1 would achieve the same percentage of inhibition irrespective of whether the other compound is present or not. In contrast, if PAP-1 and the other compound act at the same or overlapping binding sites, the percentage of current inhibition by PAP-1 should be smaller than when PAP-1 is applied alone. In a whole-cell experiment 10 nM of PAP-1 achieved 92 ± 9% block at steady state ( Fig. 1A left, n = 3). However, when PAP-1 was applied into the bath with 1 mM TEA present in the pipette, which inhibits Kv1.3 on the internal TEA site with an IC 50 of 0.6 mM (Aiyar et al., 1994) , PAP-1 only achieved 65 ± 7% block at steady state ( depolarized the membrane to 40 mV from a holding potential of -100 mV for 500 ms at 45 s intervals and found that 100 nM PAP-1 completely blocked the current (Fig. 1B) in agreement with the published IC 50 of 2 nM determined at a holding potential of -80 mV (Schmitz et al., 2005) . In contrast, when we performed the same experiment at a holding potential of -160 mV, the same PAP-1 concentration only blocked 20% of the current (Fig. 1B ). Interestingly, when we then changed the holding potential on the same cell back to -100 mV we again observed nearly complete block on the next depolarizing pulse 45 s later. This block could be relieved by returning the holding potential to -160 mV (Fig. 1C) . There are at least two possible explanations for this experiment. First, the strongly hyperpolarizing holding potential distorts the channel structure and thus reduces PAP-1 potency. However, this scenario is unlikely because the biophysical properties of Kv1.3 at -100 and -160 mV are not significantly different in terms of V 1/2 , activation and inactivation time constants (Table S1 ), and recovery from inactivation ( Fig.   2 ). The second possibility is that the PAP-1 molecules move with the electrical field. Since PAP-1 is uncharged and contains no protonatable groups, the simplest explanation for our observations is that not the PAP-1 molecules per se, but their complexes with K + , sense the voltage changes. (Tikhonov and Zhorov, 2008; Cheng et al., 2009; Tikhonov and Zhorov, 2009 ).
We also previously explained the observations that the cationic lidocaine and the uncharged benzocaine block Na + channels with Hill coefficients of one and two, respectively, by a model in which two benzocaine molecules coordinate a Na + ion in the permeation pathway (Tikhonov et al., 2006) . Based on the above-described experiments and the fact that the uncharged PAP-1 inhibits Kv1.3 with a Hill coefficient of two (Schmitz et al., 2005) we hypothesized that Kv1.3 is blocked by a tripartite complex consisting of two PAP-1 molecules and a K + ion.
PAP-1 has five oxygen atoms ( Fig. 3 ) each of which can attract a K + ion. To define the oxygen atoms involved in K + coordination we synthesized 27 PAP-1 analogs in which the oxygens were either removed or substituted with other heteroatoms (Bodendiek et al., 2009) . A selection of these compounds is shown in Fig. 3 to illustrate the most intriguing features of the structure-activity relationship. Removal of the furan ring (compound SB9) was relatively well tolerated and only reduced activity by 75-fold while removing or shifting the coumarin carbonyl resulted in a more than 1000-fold reduction in activity or in a complete loss of potency (compounds SB7, SB24, SB23 Hazel and Collin, 1972; Sieler et al., 1985) , which is just 0.3 Å longer than the O---K + distance, these data strongly support the idea that the PAP-1 carbonyl oxygen does not act as a hydrogen-bond acceptor. Taken together, the structure-activity relationships of the PAP-1 analogs are best explained by a direct interaction of the cationophilic PAP-1 with a K + ion. Using 800 MHz nuclear magnetic resonance (NMR) spectroscopy we observed a 0.02 ppm shift in the 13 C signal of the carbonyl carbon atom (C2) and the conjugated C4 on addition of potassium perchlorate (Table S2) Since an unbiased computational prediction of the global-minimum complex of the channel protein with two flexible ligands and a K + ion is hardly possible (see below), we docked the PAP-1:K + :PAP-1 complex using three distance constrains implied by our structure-activity studies. The carbonyl oxygens of two PAP-1 ligands were constrained within 3 Å from a K + ion at position 5 and the K + ion was constrained within 2 Å from the pore axis.
The Kv1.3 model and its complexes with ions and ligands were then optimized using the MCM method (Li and Scheraga, 1987) realized in the ZMM program (Zhorov, 1981; Garden and Zhorov, 2010 ). The energy hypersurface of a complex molecular system has an extremely ragged shape. A single MCM trajectory can sample only a small part of such a surface. Therefore, we
This article has not been copyedited and formatted. The final version may differ from this version. MCM trajectories were submitted from different starting points (Bruhova and Zhorov, 2007; Tikhonov and Zhorov, 2007) . A starting point was generated with random positions, orientations, and conformations of the two ligands. In the randomly sampled structure, the ligands initially overlapped with the protein in multiple places resulting in an unrealistically high starting energy.
This energy was optimized using the stepwise MCM relaxation procedure described in the arrived at a complex with a lower energy than the best structure found "hands-free". Finally, we removed all constraints and Monte Carlo-minimized the complex until the energy of the apparent global minimum did not decrease during 2,000 consecutive MCM steps. This complex (Fig. 4 and a movie in the Supporting information) was used to guide the mutational analysis of the PAP-1 binding site.
In the predicted complex the coumarin moieties of two ligands interact with the P-loop turn and S6s, whereas the long flexible arms protrude into the intrasubunit interfaces between S6s and S5s and approach linkers L45 (Fig. 4B) . To describe the binding site, we designate residues by the subunit number (in the extracellular view subunits 1 to 4 are arranged clockwise), segment index ("k" for linkers L45, "o" for outer helices, "p" for P-loops, and "i" for inner helices) and the residue number within the segment ( with the aromatic ring of PAP-1 (Fig 4 D,E.) PAP-1 Molecules Chelate the K + Ion and Interact with its Solvation Shell. Figure 4 shows that two PAP-1 molecules contribute two carbonyl oxygens to the first solvation shell of the K + ion in the central cavity. The ether oxygens in the PAP-1 coumarin rings are ~ 4.5 Å from the K + ion, which is too far for them to contribute to the first solvation shell. According to the implicit-solvent model (Lazaridis and Karplus, 1999) , these vacancies in the solvation shell are filled by water molecules. Is our model consistent with experimental data on K + coordination geometry? The high-resolution X-ray structure of the KcsA-FAB complex shows eight ordered water molecules, which coordinate a K + ion in the cavity center of the channel (Zhou et al., 2001b) . The idealized geometric equivalent of this structure is a square antiprism in which the K + ion occupies the center, the oxygen atoms of the water molecules are in the vertices of the rectangular planes, which are normal to the pore axis, and the rectangle proximal to the selectivity filter is rotated 45º around the pore axis with respect to the rectangle distant from it.
To explore possible coordination geometries of the K + ion bound to two PAP-1 ligands in Kv1.3, we added six water molecules to our model and used flat-bottom penalty functions (see Methods)
to constrain the distances between the water oxygens and the K + ion within 2 to 5 Å. The number of water molecules and the upper distance limit was chosen to bias towards the presence of up to eight oxygen atoms on the coordination sphere but not towards any specific coordination geometry. The starting coordinates of the water molecules within the cavity were randomly This article has not been copyedited and formatted. The final version may differ from this version. generated to rule out any bias towards the experimental structure. At the first stage, the energy was Monte Carlo-minimized in the space of 36 degrees of freedom that govern positions and orientations of the six water molecules. The system was then Monte Carlo-minimized without the distance constraints and with all degrees of freedom relaxed. In the resulting structure (Fig. 5 A, B) the predicted coordination geometry of the K + ion in the cavity center is similar to that in the X-ray structure (Zhou et al., 2001b) . The vertices of the square-antiprism rectangle, which is proximal to the selectivity filter, contain the carbonyl oxygens of two PAP-1 molecules and two water molecules. The lower rectangle, which is rotated ~ 45º around the pore axis in respect to the upper one, contains four water molecules, which donate four H-bonds to the ether oxygens of the two PAP-1 molecules. These results suggest that the ether oxygens are very important for PAP-1 activity and explain why compound SB9 (Fig. 3) ) and can be linked to the latter atoms via single-water bridges as suggested by the KcsA structure (Zhou et al., 2001b) . It should be noted that the explicit water molecules practically did not shift the tripartite complex from the position predicted with the implicit-solvent approach (Fig. 4) . Although no constraints were imposed during the refinement MC-minimization with the implicit solvent, the two carbonyl oxygens of the PAP-1 molecules touch the K + ion not at its "equator", but at ~ 30˚ angle from the "north". Such an arrangement is a compromise of attractions of the PAP-1 oxygens to the K + ion, repulsions between the PAP-1 oxygens, and the implicit-solvent tendency to maximize the solvent-exposed surface of the K + ion. These results further confirm the predictive power of Monte Carlo-minimizations with This article has not been copyedited and formatted. The final version may differ from this version. binding to proteins (Cheng and Zhorov, 2010) . studies were previously performed with a radiolabeled di-substituted cyclohexyl derivative and elegantly demonstrated that this class of molecules binds to two identical binding-sites on the Kv1.3 channel (Schmalhofer et al., 2003) .
Probing of the
Experimental Testing of the Molecular Model. In order to experimentally test the PAP-1 binding site model we performed an alanine scan of 41 residues (Fig. 6 and Table S1 ) in and around the predicted receptor (native alanines were mutated to serines). Positions at which alanine substitutions significantly slowed C-type inactivation or produced non-functional channels were mutated to more conservative amino acids. A total of 58 point mutants were generated. Since mutations can change PAP-1 affinity directly, allosterically (e.g. via slowing Ctype inactivation), or by both mechanisms, we measured the half-activation voltage, activation and inactivation time constants, and degree of cumulative inactivation of each mutant before determining PAP-1's IC 50 for current inhibition. Mutant channels with significantly slower inactivation and/or reduced cumulative use-dependence (colored green in Fig. 6 and Table S1) were excluded from the analysis and only mutants demonstrating biophysical properties similar to the wild-type Kv1.3 channel were considered to affect PAP-1 potency directly rather than allosterically. Excluding mutants with altered inactivation and use-dependence was particularly important for our study, because a delay or loss of C-type inactivation reduces PAP-1 potency (Schmitz et al., 2005) and would have produced false positive results.
The predicted PAP-1 receptor comprises 19 residues in L45, S5, S6, and the P-loop segments (Fig. 4A,D,E) . Substitutions of 15 of these residues produced functional channels, whereas substitutions of four residues did not express. Substitutions of 12 WT residues in the
i18 , L i20 , V i22 , and V i25 )
significantly changed PAP-1 potency (Fig. 4A, 6 and Table S1 ) and substitutions of only four of This article has not been copyedited and formatted. The final version may differ from this version. 
and L i20 I) showed decreased sensitivity. Representative current traces of the mutants that produced the most drastic changes in PAP-1 potency are shown in Fig. 7 .
As a negative control, we also mutated 14 residues around the predicted receptor, which
were not predicted to be involved in PAP-1 binding. immediately C-terminal to the predicted PAP-1 sensing residues (Fig. 3A) and might therefore exert "neighboring" effects. Taken together, the results of the mutagenesis experiments support the molecular model by correctly predicting 8 of 11 PAP-1 sensing residues, which are analyzable because the biophysical properties of the respective point mutants suggest no significant structural changes in the ligand-free channel.
Since our model suggested that two (or possibly up to four) PAP-1 molecules chelate a K + ion in the inner pore of Kv1.3 we wondered if changing K + concentration or substitution of the permeating ion would affect PAP-1 potency. Unfortunately, increasing extracellular K + from 4.5 mM to 40 or 80 mM at a holding potential of -100 mV significantly affected C-type inactivation and reduced use-dependence (data not shown) making it impossible to obtain meaningful interpretations from changes in PAP-1 affinity under these conditions. Reducing intracellular K + from 160 mM to 80 or 40 mM at a holding potential of -100 mV did not affect inactivation and use-dependence and reduced the IC 50 of PAP-1 from 3.7 ± 0.4 nM to 8.8 ± 2.8
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Discussion
Here we used electrophysiology, structure-activity studies, molecular modeling and sitedirected mutagenesis to predict the PAP-1 binding site on the lymphocyte Kv1.3 channel. Based on the observation that PAP-1 competes with known pore blockers such as internal TEA and verapamil we assumed that PAP-1 is an inner pore blocker. We further analyzed structureactivity data that PAP-1's coumarin ring is essential for activity and that block by the uncharged likely destroy the tripartite blocking complex. However, since ion flow is stopped in the inactivated state, the tripartite blocker would be more stable under these conditions explaining the preferential effect of PAP-1 on the C-type inactivated state of Kv1.3 (Schmitz et al., 2005) .
Despite the relatively large molecular weight of PAP-1 (350 Da), two or even four PAP-1 molecules are easily accommodated in the inner-pore region of the channel (Fig. 4, 7) . Only the parts of the coumarin rings that contain the carbonyl and ether oxygens are exposed to the central cavity where they interact with the K + ion at the focus of the P-helices and ordered water molecules in the K + solvation shell, as well as with the pore-facing residues T p48 , V i15 , and I i18 , whereas the long, flexible butoxyphenyl moieties wrap around the inner helices and fit nicely between helices S5 and S6 (Fig. 7) . Interestingly, this space seems to be able to accommodate PAP-1 derivatives as large as AS-85 (Fig. 3) , which bears an additional phenoxy-substituent on the phenyl ring (Vennekamp et al., 2004; Schmitz et al., 2005; Bodendiek et al., 2009 ).
The inner pore of Kv channels has long been known as a target for small molecules and many classical Kv channel blockers such as TEA, 4-aminopyridine, verapamil and Dtubocurarine have been shown to bind to this region (Wulff and Zhorov, 2008) . Besides the K + This article has not been copyedited and formatted. The final version may differ from this version. ion, the receptor for a single PAP-1 molecule involves four loci, which contain experimentally confirmed PAP-1 sensing residues from five segments, namely, three of the four S6s, S5, and the P-loop. The mutation that produces the largest change in PAP-1 affinity (70-fold) is T p48 S at the bottom of the pore loop in locus I (Fig. 7) . This particular position has previously been described to be involved in the binding of the antiarrhythmic drug MK-499 to the hERG channel (Mitcheson et al., 2000) and of Kv1.5 channel blockers (Decher et al., 2004; Decher et al., 2006) .
The neighboring T p49 at the top of locus I has also been identified as a ligand-sensing residue in the calcium-activated K + channel KCa3.1, where it determines sensitivity to the triarylmethanes clotrimazole and TRAM-34 as well as arachidonic acid (Wulff et al., 2001; Hamilton et al., 2003) . Mutation of T p49 to alanine in Kv1.3 did not produce functional channels in our study (Table S1 ), but the residue binds a water molecule at site 4 of the selectivity filter in our model and was also predicted to contribute to the PAP-1 receptor (Fig. 4 , Table S2 ). The most important determinant of the PAP-1 receptor in our model is a K + ion, which is stabilized by electrostatic interactions with the C-termini of P-helixes. This region at the focus of the P-helices constitutes a common and attractive binding site for both organic and inorganic cations (Wulff and Zhorov, 2008 ).
In the voltage-gated L-type Ca 2+ channel, dihydropyridine and benzothiazepine ligands were proposed to bind in the domain interface involving helices 3S5, 3S6, and 4S6 (Hockerman et al., 1997; Tikhonov and Zhorov, 2008; Tikhonov and Zhorov, 2009) , an equivalent of locus II in the PAP-1 receptor (Fig. S1 ). In the insect Na + channel, pyrethroid agonists bind between helices 3S6, 2S5, and 2L45 (O'Reilly et al., 2006) , an equivalent of locus IV of the PAP-1 receptor (Table S2 , Fig. S1 ). However, we are not aware of other studies of P-loop channels that describe ligand binding between helices S5 and S6 of the same subunit/domain, an equivalent of This article has not been copyedited and formatted. The final version may differ from this version. fold (Table S1 ).
The PAP-1 binding site model provides a rational explanation for the experimentally observed Hill coefficient of 2, the compound's voltage-dependence of block and its selectivity for Kv1.3 over Kv2, Kv3, Kv4, Kv7 and Kv11 channels, which all show sequence differences in positions where Kv1.3 has PAP-1 sensing residues (Figure 8) . However, our model, which is
based on the open Kv1.2 channel structure, does not explain the 23-125-fold selectivity of PAP-1 for Kv1.3 over the closely related Kv1-family channels Kv1.1, Kv1.2, Kv.1.4, Kv1.5, Kv1.6, and Kv1.7, which are identical in positions where Kv1.3 has PAP-1-sensing residues (Fig. 8 ). This selectivity therefore must be caused by the preferential affinity of PAP-1 to the C-type inactivated state. Indeed, removal of C-type inactivation either by mutation of H holding potentials of -100 mV and -160 mV. A two pulse protocol was used in which two depolarizing pulses to +40 mV with a duration of 500 ms were separated by 10, 30, 60, and 90 seconds. The peak current of the second pulse was divided by the peak current of the first pulse and the ratio was plotted. Green bars indicate mutations that significantly delayed C-type inactivation (with or without significant changes in PAP-1 potency) and which were therefore excluded from the analysis. Mutants whose respective wild-type residues are within 5 Å from the PAP-1 ligands in the model (Fig. 4) are highlighted in red. T   1p49   k1  o1  o11  o21  o30  329  340  350  360  369   ====  ====~~============= =============~~~~~~~~~~~  L45  S5  SKGLQILGQTLKASMRELGLLIFFLFIGVILFSSAVYFAEADDPTSGFSSIP   p40  p50  i1  i11  i21  i31  383  393  403  413  423 This article has not been copyedited and formatted. The final version may differ from this version. 
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Kv1.3 SKGLQIL E FLFIGVILFSSAVYFAEADDPT------------SGFSSIP GQTLKASMR LGLLIF
Kv2.1 STGLQSLGFTLRRSYNELGLLILFLAMGIMIFSSLVFFAEKDEDD------------TKFKSIP
Kv3.1 FVGLRVLGHTLRASTNEFLLLIIFLALGVLIFATMIYYAERIGAQPNDPSAS---EHTHFKNIP
Kv4.1 SQGLRIL E L AIIIFATVMFYAEKGTNK------------TNFTSIP GYTLKSCAS LGFLLFS TM
Kv7.1 GGTWRLLGSVVFIHRQELITTLYIGFLGLIFSSYFVYLAEKDAVN-----ES---GRVEFGSYA
